Rats were placed in 4 contexts (A, B, C, D) where they received 2 auditory stimuli (X, Y); in A and B, presentations of X were paired with food and those of Y were not, and in C and D, Y was paired with food and X was not. Rats then received combinations of contexts that had provided congruent (AB, CD) or incongruent (AD, CB) information about X and Y's relationship to food. Responding was more variable during congruent than incongruent trials (Experiment 1) and was systematically increased and decreased during congruent (relative to incongruent) trials by the presentation of food or no food, respectively (Experiment 2). These results support a connectionist approach to acquired changes in stimulus distinctiveness.
A variety of disciplines (e.g., artificial intelligence, ethology, neuroscience, and psychology) use connectionist systems as a way of modeling aspects of learning, memory, and perception. For example, a generic connectionist or neural network for Pavlovian conditioning might consist of a set of dedicated input and output units that become active on presentation of specific stimuli (e.g., the presentation of a tone of a given frequency or the delivery of food, respectively) and a hidden layer of units between these two sets of units. Unlike the input and output units, at the outset of training, the hidden units are not activated by any particular pattern; but, the common assumption that the input to hidden layer links are initially weak and random carries with it the implication that a given pattern of stimulation (e.g., AX) and other similar patterns (e.g., BX, CX, and DX) will tend to activate the same hidden unit or units. As training proceeds, however, units in the hidden layer become tuned to respond to specific patterns of activity across the input layer. This process of tuning is achieved through changing the strength of the links between the input units and hidden units.
One interesting property of some of these connectionist systems is the way in which different patterns of sensory inputs become grouped during training. For example, other things being equal, two similar patterns of input (e.g., AX and BX; see Figure 1 ) will come to activate the same hidden unit (or units) when they are trained to predict the same outcome (or activity in the same output unit) and different hidden units when they are trained to predict different outcomes. These properties, sometimes called redundancy compression and predictive differentiation (Gluck & Myers, 1993 ; see also Goldstone, 1998; Honey, 2000; Maki, 1993; Maki & Abunawass, 1991) , allow connectionist systems to provide one form of analysis for demonstrations of the acquired equivalence and distinctiveness of cues (e.g., Delamater & Joseph, 2000; Hall, Ray, & Bonardi, 1993; Honey & Hall, 1989 , 1991 Johns & Williams, 1998; Sawa & Nakajima, 2001; Urcuioli, Zentall, & DeMarse, 1995; Ward-Robinson & Hall, 1999) . Moreover, there is some (indirect and fragmentary) evidence that has been taken by the neuroscience community to suggest that the hippocampal system (i.e., the hippocampus proper: dentate gyrus and CA1-3 fields and adjacent cortical areas; e.g., the entorhinal cortex and subiculum) mediates the processes that underlie redundancy compression and predictive differentiation (e.g., Gluck & Myers, 1993; Myers, Gluck, & Granger, 1995) . The companion article that follows this article represents both a direct assessment of whether the hippocampus and entorhinal cortex mediate these processes and includes an analysis of the nature of the involvement of these structures in the conceptual processes that are the focus of this article (see Coutureau et al., 2002) .
In nonhuman animals, a typical demonstration of the acquired equivalence and distinctiveness of cues involves animals receiving an initial stage of training in which two stimuli (A and B) predict the same outcome (food) and another stimulus (C) predicts a different outcome (no food). Subsequently, presentation of A alone is paired with another outcome (e.g., mild footshock) and as a result animals show greater generalized fear in the presence of B than in C (e.g., Honey & Hall, 1989) . The results of this study parallel those of earlier studies of the acquired equivalence and distinctiveness of cues in humans (e.g., Eisman, 1955; Grice & Davis, 1958) . However, these demonstrations, although consistent with connectionist models, are readily accommodated by relatively minor modifications (see Hall, 1996; Honey & Hall, 1989; WardRobinson & Hall, 1999) to contemporary instantiations of traditional associative models (e.g., Wagner, 1981 ; see also Brandon, Vogel, & Wagner, 2000 ; and by earlier stimulus-response theories; e.g., Hull, 1939) . For example, if initial training results in A and B, but not C, becoming able to evoke a memory or representation of food, then pairing A with footshock will allow the associatively evoked representation of food to be paired with footshock. Aversive conditioning with A will thereby allow the representation of food to become linked to a memory of footshock and enable other stimuli that can evoke the representation of food (i.e., B) to provoke fear-a process of mediated conditioning. The results of a recent series of studies are of particular interest because they are not readily captured by such a simple associative analysis and instead seem to provide some indirect support for a connectionist approach (Delamater, 1998; Honey & Watt, 1998 Honey & Ward-Robinson, 2001; Ward-Robinson & Honey, 2000 ; see also Coutureau et al., 2002; Oswald et al., 2001 ). An illustrative example of this set of studies will be presented in the introduction to Experiment 1.
Our new experiments examine what is, in principle, a direct prediction of the connectionist approach to the acquired equivalence and distinctiveness of cues that was outlined previously and is described in more detail in Experiment 1: combining the unique components (e.g., A and B) of two equivalently trained compound stimuli (e.g., AX and BX) will result in dual activation of a shared hidden unit (e.g., p), whereas combining the unique components (e.g., A and D) of two stimuli that have not been trained equivalently (e.g., AX and DX) will not have this effect. The behavioral consequences that might result from such a difference in hidden layer activation will be unpacked together with a more detailed analysis of our previous findings (Honey & Watt, 1998 Honey & Ward-Robinson, 2001; Ward-Robinson & Honey, 2000) . For reasons that will become evident, our new experiments used the general training procedures developed by Ward-Robinson and Honey (2000) , and a more detailed discussion of the background to the present experiments will begin with a description and analysis of this study.
Experiment 1
Ward-Robinson and Honey (2000) gave rats a contextual conditional discrimination involving four contexts (e.g., A ϭ check, B ϭ warm, C ϭ dots, and D ϭ cool) and two auditory stimuli (e.g., X ϭ tone and Y ϭ clicks). When rats were placed in A or B, X was paired with food and Y was not, and when they were placed in C or D, X was paired with no food and Y was paired with food (see Table 1 ). This procedure equates any binary relationships between the contexts and both the auditory stimuli (X and Y) and the outcomes of the trials (food and no food). Therefore, this procedure controls for any simple mediated conditioning effect based on binary associations; and indeed there is both evidence showing that any associations between A, B, C, and D and the other events (X and Y, food and no food) are equivalent after this type of procedure (see Honey & Watt, 1998 , Experiment 1; see also Experiments 1 and 2, Honey & Watt, 1999) and other evidence that is simply beyond the scope of this form of account (see Honey & Watt, 1998, Experiment 2) . However, according to a connectionist analysis (see Figure 1) , the conditional training procedure results in the following changes between the input units (a, b, x, y, c, and d; activated by A, B, X, Y, C, and D, respectively) and the hidden units ( p, q, r, and s) , and between these units and the output units (food and no food; activated by the outcomes of different trials, food and no food, respectively): The strengthening of links between each of the input units a, b, and x and one hidden unit ( p); between inputs c, d, and x and second hidden unit (q); between inputs a, b, and y and a third such unit (r); and between (c, d, and y) and a fourth unit (s); the strengthening of separate links between p and s and the food output unit, and q and r and the no-food output unit (see Figure 1) . More details about the way in which the pattern of links (arrows) depicted in Figure 1 is established will be described together with the rationale for Experiment 2. The suggestion that the links to the hidden units have been tuned in the way described receives support from the consequences of a subsequent revaluation procedure designed to render Context A preferable to Context C: In Context A, rats received a large quantity of food and in Context C they did not. As a result of this procedure, rats were more likely to approach the site of food delivery in Context B than in Context D. This effect provides support for the suggestion that a and b had come to activate shared hidden units ( p and r), whereas c and d had come to activate different, shared hidden units (q and s) and that these shared units mediate generalization between A and B, on the one hand, and C and D, on the other hand. We have observed effects of this kind when A, B, C, and D were (a) brief auditory stimuli (Honey & Watt, 1998) ; (b) visual contexts (Honey & Watt, 1999) ; (c) diffuse and localized stimuli (Honey & Watt, 1999) ; and (d) as in WardRobinson and Honey (2000) , with stimuli from different modalities (see also Honey & Ward-Robinson, 2001 ). Now consider the effects of combining the contextual stimuli used by Ward-Robinson and Honey (2000) after the conditional discrimination described in the preceding paragraph (see Table 1 ). Combining A and B (e.g., check and warm) will result in hidden units p and r receiving two sources of input, whereas combining A and D (e.g., check and cool) will provide only one source of input to each hidden unit ( p, q, r, and s; see left-hand pair of columns in Table 2 ). It should be fairly clear that the behavioral consequences of this difference in hidden layer activity will depend on the specific assumptions that one makes about the characteristics of the hidden units. However, if one makes some conventional assumptions about these properties, then combining equivalently trained stimuli (A and B) will result in more variable performance than combining stimuli that have not been trained equivalently (A and D). For example, let us make the simplifying assumption that (a) one hidden unit will become fully active at any point in time (i.e., the "winning" unit) and the conventional assumption that (b) the output of this unit is a sigmoidal function of the input that it receives (e.g., Rumelhart, Hinton, & Williams, 1986) ; notice that the latter assumption is, in any event, required for a compound (e.g., AX) to activate the correct output unit (in this case the food unit) within the network depicted in Figure 1 . Given these assumptions, the presentation of AB will excite either p or r and, because these units receive two sources of input, they will strongly activate either the food output unit or the no-food output unit, respectively. Given the fact that p is linked to the food output unit whereas r is linked to the no-food unit (see Figure 1 ), the behavioral consequences will be that at a given point in time, and on a purely stochastic basis, some animals will respond at a high rate (e.g., vigorously approaching the food well) and others at a low rate (e.g., withdrawing from the food well). That is, there will be a substantial amount of variability in the levels of food-well responding observed on an AB trial. By contrast, the presentation of AD will activate p, q, r, or s and, because these units are receiving only a single source of activation, the level of food-well entry (or withdrawal) will be less marked and there will be a correspondingly low level of variability. Experiment 1 used the experimental design described previously and summarized in Table 1 to assess these predictions.
Method
Subjects. The subjects were 32 naive adult male hooded Lister rats (supplied by Harlan Olac, England) that were maintained at 80% of their ad-lib weights (M ϭ 461 g; range ϭ 380 -530 g). The rats were housed in a colony room that was illuminated between the hours of 8 a.m. and 8 p.m. Training and testing began at approximately 10 a.m. Experiment 1 was conducted in two identical replications.
Apparatus. Four operant chambers (24.5 cm wide ϫ 23.0 cm deep ϫ 21.0 cm high; supplied by Campden Instruments Ltd., Loughborough, England) arranged in a 2 ϫ 2 array were used. These chambers were housed in sound-attenuating boxes. All chambers had three aluminum walls, an aluminum ceiling, and a Perspex door. The right-hand pair of chambers (Contexts A and C) had conventional floors constructed from stainless steel rods, and their walls and ceilings were lined with transparent Perspex. White wallpaper with black dots was fixed behind the Perspex linings in the top chamber and on the outside of its door. Black and white check wallpaper was fixed behind the linings in the bottom chamber and on the outside of its door (these two types of wallpaper are described in Honey & Watt, 1999) . The wallpapered chambers received local illumination from a single 3-W lightbulb located in the center of the ceiling, and the left-hand pair of chambers (Contexts B and D) were not illuminated. Contexts B and D had an aluminum floor that could either be made warm (35°C) or cool (10°C) by inserting heated or cooled Thermos picnic blocks in a bracket below the floor (for details regarding this procedure, see Ward-Robinson & Honey, 2000) . The monitor, which was attached to the computer used to control the test apparatus, dimly illuminated the experimental room. During the critical test trials, the grid floors in the decorated chambers were replaced with the aluminum floors that could be heated or cooled.
There was a recessed food well (6 cm high and 5 cm wide) in the left-hand wall of each chamber into which 45-mg food pellets could be 
Note. p, q, r, and s are the hidden units shown in the network presented in Figure 1 . Following conditional training (see Table 1 ), A, B, and X can provide input to p, which is linked to a food output unit; A, B, and Y can provide input to r, which is linked to a no-food output unit; C, D, and X can provide input to q, which is linked to a no-food output unit; and C, D, and Y can provide input to s, which is linked to a food output unit. The values in the second and third columns indicate the number of inputs to each hidden unit on presentation of two novel compounds in Experiment 1 (e.g., AB and AD). It is assumed that direct activation of the food unit can provide input to the hidden units to which it is linked (i.e., p and s) and that activation of the no-food unit can provide input to the hidden units to which it is linked (i.e., q and r). The values in the remaining columns indicate the number of inputs to each hidden unit on presentation of novel compounds that are preceded by the presentation of food (i.e., AB and AD) or no food (i.e., CD and CB) in Experiment 2. delivered (P. J. Noyes, Lancaster, NH). Rats could access this food well through a transparent Perspex flap. A hinge attached the flap to the top of the well, and movement of this flap of approximately 2 mm or more was recorded automatically as a single food-well entry or response. The auditory stimuli (X and Y) were a 2-kHz tone and a 10-Hz train of clicks. These stimuli were presented at an intensity of approximately 75 dB (A) from a speaker located above the ceiling of the chamber. Conditional discrimination training. On the first 2 days, rats were trained to retrieve food pellets from the food well in four chambers that were undecorated, had conventional grid floors, and received local illumination from a single 3-W lightbulb located in the center of the ceiling. On Day 1, the Perspex flap was fixed in a raised position to allow rats unrestricted access to the food well. On Day 2, the flap was in its normal, vertical resting position, and the rats needed to push the flap to retrieve food pellets. During both sessions, 20 food pellets were delivered on a variable time 60-s schedule. On each of the next 8 days of training, rats received one session in each of the four contexts: A and C (checked or dotted) and B and D (warm or cool). The interval between being removed from one context and entering the next was approximately 1 min. For the first minute of each session, the chambers were not illuminated, and for the remainder of the sessions, the light in the center of the ceiling was switched on in Contexts A and C (the wallpapered chambers), but not in B and D. When rats were placed in either Context A or B, presentations of one auditory stimulus (X; e.g., tone) was followed by the delivery of two food pellets, and presentations of a second auditory stimulus (Y; e.g., clicker) were not. When rats were placed in either Context C or D, presentations of Y were reinforced and those of X were not. The auditory stimuli were both 10 s, the intertrial interval was 30 s, and X and Y were presented according to pseudorandom sequences with the constraint that no more than two trials of the same type could occur in succession. There were 10 presentations of both X and Y in each 15-min session. The identities of the stimuli serving as A and C (checked or dotted), B and D (warm or cool), and X and Y (tone or clicker) were fully counterbalanced. On Days 1, 4, 5, and 8, the top chamber from the left-hand pair of boxes was warm and the lower chamber was cool, and on the remaining days this arrangement was reversed. The sequence in which Contexts A, B, C, and D were presented changed from one day to the next. For both of the 4-day blocks of training, each context was presented in each of the four positions within the sequence (first, second, third, and fourth), and within this set of sequences placement in one context (e.g., A) was equally likely to be immediately preceded or succeeded by placement in each of the other contexts (C, D, and E). Other details of this stage of the procedure that have not been presented can be found in Ward-Robinson and Honey (2000) .
Testing context combinations. In the same way as during conditional training, the experimental room was dimly illuminated, and the test chambers were not illuminated during the first minute of the test. We recorded the rates of responding in this period of acclimatization. During the following 2 min, the overhead lights in the test chambers were illuminated, and the rates of responding in consecutive 30-s periods within each test trial were recorded. The order in which the four test combinations were presented was counterbalanced: Half of the subjects received the sequence: AB, AD, CB, CD, and the remainder received the sequence: AD, AB, CD, CB. With this arrangement, on the first pair of trials, the same visual context (A; e.g., checked) is presented with each of the thermal contexts in turn (B and then D; e.g., warm and then cool) and on the second pair of test trials, the remaining visual context (C; e.g., dotted) is presented with each of the thermal contexts in the same order (i.e., B and then D). The interval between successive test trials was approximately 60 min.
Behavioral measures. To assess acquisition of the conditional discrimination, we calculated a discrimination or preference ratio (responses per minute, rpm, during reinforced stimulus presentations divided by the combined rate of responding during reinforced and nonreinforced stimuli) for each day of conditional training. A score of 0.50 indicates that responding is equivalent during the reinforced and nonreinforced stimulus, whereas scores of 1.0 and 0 indicate that responding is restricted to presentations of the reinforced stimulus and nonreinforced stimulus, respectively. To assess performance during the critical test trials, we used the rates of responding during each type of test trial. To assess the degree of variability in rats' responding during four successive 30-s periods within the different types of test trials (AB/CD vs. AD/CB) we calculated the absolute value of the difference between (a) each rat's rate of responding during a given trial type and period and (b) the mean rate of responding for all of the rats on that trial type and during that period (i.e., we used the absolute deviations from the mean as our measure of variability). The mean of these deviations is the mean absolute deviation.
Results
Acquisition of the contextual conditional discrimination proceeded in much the same way as in our previous studies (see, e.g., Ward-Robinson & Honey, 2000) . There was a significant increase in discrimination ratios between the first day (M ϭ 0.47) to the final day of training (M ϭ 0.65; analysis of variance [ANOVA]), F(1, 31) ϭ 63.07, p Ͻ .01, and by this day the rates of responding on reinforced trials (M ϭ 18.02 rpm) were markedly and significantly higher than the rates of responding on nonreinforced trials (M ϭ 9.51 rpm), F(1, 31) ϭ 74.81, p Ͻ .01. Responding during the first minute of the critical test trials, in which the rats were in darkness, did not differ depending on whether rats were to receive an AB/CD trial (M ϭ 2.65 rpm) or an AD/CB trial (M ϭ 3.14), F(1, 31) ϭ 2.05, p Ͼ .16); the preference ratio for this period was 0.47. Similarly, the mean absolute deviations of rats' scores from these means did not differ depending on whether rats were to receive an AB/CD trial (M ϭ 1.72 rpm) or an AD/CB trial (M ϭ 2.00 rpm; F Ͻ 1).
Inspection of Figure 2 reveals that during the second 2 min of the test trials, when the overhead lights were illuminated, the mean rates of responding (in rpm) were relatively constant across the course of the four 30-s periods and were relatively similar on the AB/CD trials and AD/CB trials. An ANOVA conducted on the individual scores from which these means were derived supported this description of Figure 2 revealing no significant effects of trial type (AB/CD vs. AD/BC), F(1, 31) ϭ 2.94, p Ͼ .17, or block (1-4), F(3, 93) ϭ 2.11, p Ͼ .11, and no interaction between these factors (F Ͻ 1). Further inspection of Figure 2 reveals that the mean absolute deviations tended to increase across the test and that on AB/CD trials these mean absolute deviations were much greater than on AD/CB trials. An ANOVA conducted on the individual absolute deviation scores from which these means were derived revealed a main effect of trial type (AB/CD vs. AD/CB) 
Discussion
The results of Experiment 1 are consistent with the form of connectionist account that was presented earlier in this article and with the detailed assumptions that were later described regarding the characteristics of the hidden units. Thus, we supposed that following conditional discrimination training, four sets of input units would have become linked to different hidden units: (a, b, x) to p, (c, d, x) to q, (a, b, y) to r and (c, d, y) to s and that p and s would be linked to the food output unit, and q and r would be linked to the no-food output unit. We also made the assumption that only one hidden unit could become fully active at any point in time and that the output of this unit was a sigmoidal function of the input that it receives. These assumptions will mean that when a given hidden unit receives dual activation (e.g., on an AB trial) it will excite either p or r, and these units will strongly activate, respectively, the food or the no-food output units (see Figure 1 ). If these assumptions are made, then the presentation of AB should provoke more variable levels of responding than the presentation of a compound (e.g., AD) that provides a single input to each of the four hidden units ( p, q, r, and s). The results of Experiment 1 provide clear support for this prediction.
In Experiment 2, we attempt to influence which of the hidden units that could receive dual activation from the presentation of AB or CD (i.e., one linked to a food output unit or one linked to a no-food unit) becomes active and thereby to influence responding to these compounds relative to compounds (AD and CB) that provide single input to all four hidden units. There are computational and some empirical grounds that converge on the type of manipulation that might be effective.
Experiment 2
These computational grounds arise from an analysis of a problem, thus far neglected, that is central to connectionist approaches to the acquired equivalence and distinctiveness of cues offered here: How do some stimuli that have not been presented together (e.g., A and B) come to activate the same hidden unit (e.g., p), whereas others (e.g., A and C) do not? This problem, and one possible solution to it, can be readily appreciated by considering a series of trials from the discrimination summarized in Table 1 . Imagine that the consequence of the first AX trial is that the a and x units become linked to hidden unit p and that p, in turn, becomes linked to the outcome unit for that trial, food. Now suppose that either BX or CX is presented. Each of these compounds might result in p becoming active by virtue of the x-p link. The computational problem should now be clear: Why should input unit b be more likely to become linked to p than input unit c? There is only one logical difference between the trials on which BX and CX are presented and this difference must, in some way, allow b and not c to become linked to p: When BX is presented, the outcome unit that is excited by p (food in this instance) matches the outcome of the BX trial (food), whereas when CX is presented, the outcome unit that is excited by p (i.e., food) does not match the outcome of the CX trial (i.e., no food). One simple mechanism through which this difference might increase the likelihood of b rather than c becoming linked to p is as follows: The presentation of the predicted outcome could maintain activity in p by virtue of the reciprocal link between the output unit and p and thereby allow b to become more effectively linked to p than c (see Honey, 2000, pp. 17-19 ; see also Honey & Watt, 1999, pp. 331-332) . In summary, one solution to the problem under consideration involves allowing activation of an output unit (by the presentation of the appropriate outcome) to influence the activity in hidden layer units through reciprocal links between them (see Figure 1) . It is worth briefly noting and referring the reader to the results of a rather complex experiment reported by Honey and Watt (1998, Experiment 2) that provide some support for this form of solution.
The notion that reciprocal links exist between hidden and output units suggests a simple strategy, used in Experiment 2, that might enable us to influence which of the hidden units becomes fully activated on presentation of the novel compounds from Experiment 1: Activating the food or no-food units should result in activity in the hidden layer units ( p and s or q and r, respectively), and this activity should, in turn, influence the hidden unit that becomes active (and controls performance) on presentation of the novel compounds (i.e., AB, CD, AD, CB). For example, suppose food is delivered and activates the food unit prior to presentation of either AB or AD. Activation of the food unit should mean that hidden units p and s receive one source of input (see Figure 1 and Tables 1 and 2) , and the subsequent presentation of AB will provide two additional sources of input to both p and r, whereas the presentation of AD will add one source of activation to each of the four hidden units. The sum of the inputs to each hidden unit on a food 3 AB trial will be as follows: p ϭ 3, q ϭ 0, r ϭ 2, and s ϭ 1, whereas the sum of the inputs to each hidden unit on a food 3 AD trial will be as follows: p ϭ 2, q ϭ 1, r ϭ 1, and s ϭ 2 (see central columns in Table 2 ). For both of the trial types, therefore, hidden units that are linked to the food unit (e.g., p) should receive more input than those linked to the no-food unit (i.e., q and r). Accordingly, the degree of variability that was apparent in Experiment 1 should not be apparent in Experiment 2. However, on a food 3 AB trial, unit p receives three inputs, whereas on a food 3 AD trial, the units linked to food (e.g., p) only receive two inputs. This difference provides clear grounds for predicting that responding should be more vigorous on a food 3 AB trial than on a food 3 AD trial; for instance, we have already assumed that the output of the hidden unit will be a sigmoidal function of the input that they receive. The form of analysis just outlined can also be extended to the case in which the no-food unit becomes active immediately before the presentation of CD or CB (see right-hand pair of columns in Table 2 ). In this case, however, on a no-food 3 CD trial, unit q receives three inputs, whereas on a no-food 3 CB trial, the units linked to the no-food unit (i.e., q and r) will only receive two inputs; therefore, responding should be less marked on the no-food 3 CD trial than on the no-food 3 CB trial.
In Experiment 2, rats first received the conditional discrimination summarized on the left-hand side of Table 1 . The experimental design used to investigate the predictions outlined in the previous paragraph is presented on the right-hand side of Table 1 . To investigate the influence of activation of food and no-food output units on responding during the test compounds (AB vs. AD and CD vs. CB, respectively), rats were placed in a conventional, undecorated chamber immediately prior to presentation of the test compounds and received the food and no-food priming manipulations: On one day of testing, before AB and AD trials, rats received a period in which no food was presented followed by the presentation of a series of food pellets; in this way we attempted to ensure that the food output unit was active immediately prior to these trials. On a second day of testing, before CD and CB trials, rats received a period in which food pellets were delivered followed by a period without food pellets; in this way we attempted to ensure that the no-food output unit was active immediately prior to these trials. We supposed that rats would respond more vigorously on AB trials than on AD trials (in a test conducted on one day) and would respond less vigorously on CD trials than on CB trials (in a test conducted on a different day). However, we anticipated that (for reasons not necessarily related to the theoretical analysis under consideration) the general levels of responding in these two tests might be somewhat different: Either the recent presentation of food or the frustrative effect of its recent omission might augment responding. Nevertheless, we predicted that rats would show a greater preference for AB (relative to AD) than for CD (relative to CB).
Method
Subjects and apparatus. The subjects were 16 naive adult male hooded Lister rats (supplied by Harlan Olac, England) maintained at 80% of their ad-lib weights (M ϭ 471 g; range ϭ 415-510 g). The housing conditions for the rats and the apparatus were the same as in Experiment 1.
Procedure. Magazine training was conducted in the same way as Experiment 1, with the exception that the ceiling light was not illuminated. Conditional discrimination training proceeded in the same way as in Experiment 1, with the exception that when a rat entered a thermal context the ceiling light was illuminated and the experimental sessions began immediately. Similarly, ceiling lights were illuminated when the rats entered the chambers during presentations of the test compounds (AB, AD, CD, and CB), and the test sessions began immediately.
On the 2 days that followed the final day of conditional discrimination training, rats received test trials with the same test compounds as those presented in Experiment 1 (i.e., AB, AD, CD, and CB). On one day, rats received AB and AD, and on the other day, they received CD and CB. For half of the rats, the sequences in which these compounds were presented were as follows: AB, AD and CD, CB; for the remaining rats, the order in which the compounds were presented within a day was reversed. Immediately prior to the presentations of the compounds, rats were placed in a dark chamber with a grid floor for 4 min. Presentations of AB and AD were preceded by a no-food 3 food treatment that consisted of a 2-min period in which no food was presented, followed by a 2-min period in which two food pellets were delivered on a fixed-time 10-s schedule. Presentations of CD and CB were preceded by a food 3 no-food treatment that consisted of a 2-min period in which two food pellets were delivered on a fixed-time 10-s schedule, followed by a 2-min period in which no food was presented. For half of the rats in each of the counterbalanced subconditions, AB and AD were presented on the first day, and CD and CB were presented on the second day, and for the remaining rats this arrangement was reversed. Rats' responding during the 2 days of testing was expressed as a preference score: rate of responding during AB divided by the combined rate of responding during both AB and AD, and rate of responding during CD divided by the combined rate of responding during both CD and CB. Values above .50 indicate higher responding in the presence of AB (or CD) than during respective control compounds, AD and CB, whereas values below .50 indicate that responding is lower during AB (or CD) than during their control compounds. Other details of the procedure were the same as for Experiment 1.
Results
Acquisition of the contextual conditional discrimination again proceeded uneventfully: Discrimination ratios increased from the first day (M ϭ 0.46) to the final day of training (M ϭ 0.72), F(1, 31) ϭ 43.80, p Ͻ .01, and by this day the rates of responding on reinforced trials (M ϭ 18.23 rpm) were markedly and significantly higher than the rates of responding on nonreinforced trials (M ϭ 7.30 rpm), F(1, 31) ϭ 67.81, p Ͻ .01. During the critical test trials, the overall levels of responding during compounds preceded by a no-food 3 food treatment (AB and AD; M ϭ 1.79 rpm) was somewhat lower than the corresponding mean for compounds preceded by the food 3 no-food treatment (CD and CB; M ϭ 2.62 rpm). However, this difference was not statistically significant, F(1, 15) ϭ 2.26, p Ͼ .13, and was largely a consequence of the first minute of the test in which the means were 1.53 rpm for the no-food 3 food trials and 2.93 rpm for the food 3 no-food trials. The preference ratios for both of the 1-min periods of the test trials are shown in Figure 3 . Inspection of this figure reveals that the preference for AB (relative to AD) was consistently greater than that for CD (relative to CB) but that this difference was marked only during the second block of testing. An ANOVA revealed a difference in preferences ratios for AB and CD, F(1, 15) ϭ 7.06, p Ͻ .02, no effect of block (F Ͻ 1), and no significant interaction between these factors, F(1, 15) ϭ 3.47, p Ͼ .08. We can also recast the results from the second period of the test, where the effect of Figure 3 . Experiment 2. Mean preference ratios (ϮSEM ) for AB (rate of responding during AB divided by the combined rates of responding during AB and AD) and CD (rate of responding during CD divided by the combined rates of responding during CD and CB). Rats received food immediately prior to AB and AD trials and no food immediately before CD and CB trials. A, B, C, and D denote contexts (A and C: checked or dotted; B and D: warm or cool).
interest was most marked, to assess whether the rats' preference scores for the critical compounds, AB and CD, differ from the preference expected on the basis of chance (i.e., 0.50 for both compounds). When each rat's preference score for AB is added to their (normalized) preference for CD (i.e., we add the preference for AB to 1 minus the preference for CD), the resulting scores (with a mean of 1.32) differ significantly from the score expected if rats showed equivalent responding to each of the four test compounds (i.e., 1.00), t(15) ϭ 3.22, p Ͻ .01.
Discussion
After the conditional training procedure summarized in Table 1 , the presentation of compounds AB and CD resulted in greater variability in the level of responding than did the presentation of AD and CB (see Experiment 1). These results support the suggestion that the presentation of either AB or CD provides dual activation to hidden units that are linked to food (i.e., p) and no food (i.e., r; see Figure 1 ), whereas the presentation of AD and CB provides a single source of input to each of four hidden units ( p, q, r, and s). The results of Experiment 2 indicate that the presentation of food and no food can influence the processes involved in selecting which of two hidden units becomes active on presentation of AB and CD-one linked to a food output unit or one linked to a no-food output unit. One way in which the presentation of food and no food could exert their influence is if the resulting activity in their output units changed activity in the hidden layer units. This could be achieved by allowing the connections between the hidden layer and the output layer to be reciprocal (see Figure 1) . We have already argued that this suggestion is consistent with both one solution to an important computational problem, discussed in the introduction to Experiment 2, and with previous results (see Honey & Watt, 1998, Experiment 2) .
Before proceeding to the General Discussion, it should be noted that the differences observed in Experiments 1 and 2 were not always numerically substantial. This observation does not, of course, indicate that our results are theoretically unimportant (see below) or that the processes that underlie these results have a circumscribed influence. Instead the small size of our effects could reflect the fact that we gave our rats insufficient training on the original conditional discrimination or that our test procedures were insufficiently sensitive. It is also the case that our effects tended to be most marked during the second half of the tests when one might have predicted that they should have been most apparent toward the start of the tests. However, this observation might merely reflect the fact that the rats' behavior was initially disrupted by the change in the conditions between conditional training and test. In the context of these caveats, however, it is certainly noteworthy that an experiment using a design that is formally identical to that of Experiment 1, an analogous pattern of results can be observed in human participants (see Hodder, George, Killcross, & Honey, in press ). Our results appear to have some generality.
General Discussion
The idea that experience with stimuli can shape the way in which they are represented has a venerable history (e.g., Gibson, 1969; James, 1890) . Traditionally, however, associative theories of learning in animals have either eschewed consideration of this process of shaping altogether (e.g., Wagner, 1981) or have supposed that it can be accommodated by judicious application of the principles of associative learning (see Hall, 1991; McLaren, Kaye, & Mackintosh, 1989; Postman, 1955) . The results of recent studies, which have made use of conventional conditioning procedures, indicate that experience shapes the way in which animals represent stimuli in a way that is beyond simple associative theorizing. For example, other things being equal, animals come to treat two stimuli (AX and BX) that have predicted the same outcome (e.g., food) as more similar to one another than two stimuli (AX and DX) that have predicted different outcomes (food and no food, respectively; see Honey & Watt, 1998 Honey & WardRobinson, 2001; Ward-Robinson & Honey, 2000; see also Delamater, 1998) . These instances of the acquired equivalence and distinctiveness of cues seem to require a rather more complex and interesting analysis than that allowed by traditional associative theorizing. In particular, they appear amenable to an analysis in terms of what is, in many ways, a natural extension to these associative theories: three-layer connectionist or neural networks.
Broadly speaking, according to such an analysis, the input units (e.g., a and b) activated by similar stimuli (AX and BX) that predict the same outcome (e.g., food) become linked to the same hidden unit ( p), whereas the input units (e.g., a and d) of stimuli (AX and DX) that predict different outcomes become linked to different hidden units (e.g., p and q; see, e.g., Gluck & Myers, 1993; Honey, 2000; Maki, 1993; Maki & Abunawass, 1991) . Within this analysis, training is taken to shape the ability of dedicated sensory units to activate hidden units that have sigmoidal activation functions, and this process of shaping makes use of reciprocal links between these hidden units and the output units, food and no food (see also Konorski, 1967) . These changes in the pattern of links to the hidden layer provide an account for the influence of conditioning procedures on stimulus distinctiveness. We took the form of analysis just described as our starting point and explored some of its implications. The results of Experiments 1 and 2 provide, to the best of our knowledge, the most direct support to date for such an analysis and for some of the more detailed assumptions that underlie it. Thus, the results of Experiments 1 and 2 suggest that our conditional training procedure (see Table 1 ) results in the pattern of connections depicted in Figure 1 , in which hidden units with sigmoidal activation functions have reciprocal links with output units that are activated by food or no food: The presentation of novel compounds (e.g., A with B), which should result in dual activation of the same hidden unit (e.g., p), resulted in more marked changes in responding than the presentation of novel compounds (e.g., A with D), which should provide a single source of activation to all hidden units ( p, q, r, and s) . The results of Experiment 2 further indicate that the presentation of the outcome (food or no food) can influence the activity in these hidden units (see also Honey & Watt, 1998, Experiment 2) .
The general connectionist architecture that we have adopted to account for recent instances of the acquired equivalence and distinctiveness of cues is not entirely novel and nor are the assumptions that we have made in deriving the predictions tested in Experiments 1 and 2. To this extent, connectionist models that have the same form of architecture and assumptions can derive a measure of support from the results of Experiments 1 and 2. For example, Gluck and Myers (1993) described a connectionist network that implements two representational biases (called redun-dancy compression and predictive differentiation) that could underlie both simple examples of the acquired equivalence and distinctiveness of cues (e.g., Honey & Hall, 1989 , 1991 , more complex instances of this effect (Honey & Watt, 1998 Honey & Ward-Robinson, 2001; Ward-Robinson & Honey, 2000) , and the results from Experiments 1 and 2. The analysis presented by Gluck and Myers (1993) is considered in greater detail in our companion article (Coutureau et al., 2002) . However, it is worth noting, at this juncture, that not all models of learning that have been implemented in a connectionist form can address the results from Experiments 1 and 2 or those that we have presented elsewhere (e.g., Coutureau et al., 2002; Honey & Watt, 1998 Honey & Ward-Robinson, 2001; Ward-Robinson & Honey, 2000) . For example, one configural theory of learning, which was developed by Pearce (1987) , has been implemented as a connectionist model (Pearce, 1994) . The essence of this model, and the one that leaves it ill equipped to deal with our results, is that hidden units only code for conjunctions of stimuli that have been presented. The model thereby provides a simple account for the fact that animals can learn complex conditional discriminations of the form presented to our rats in Experiments 1 and 2. Briefly, according to Pearce (1994) , independent hidden units come to code for AX, BX, CX, DX, AY, BY, CY, and DY, and these units are connected to the outcome unit activated by the outcome of the trial. However, this analysis provides no grounds for anticipating the acquired equivalence and distinctiveness of cues effect that results from this training procedure (for further discussion, see Honey & Ward-Robinson, 2001) or for the results of Experiments 1 and 2. These results, as we have suggested, indicate that a common hidden unit comes to be activated by the presentation of, for example, A and B. This suggestion is beyond the scope and spirit of the Pearce (1994) model. This is not to say, however, that the model developed by Pearce (1994) is without merit. For example, in the companion article that follows, we show that animals with lesions of the entorhinal cortex are perfectly capable of acquiring the complex conditional discrimination from Experiments 1 and 2 but do not show an acquired equivalence-distinctiveness effect of the type reported by Ward-Robinson and Honey (2000) . Under some conditions then, the solution of our conditional discrimination proceeds in the way anticipated by the Pearce (1994) model. That is, under some conditions conditional learning can proceed without accompanying changes in stimulus distinctiveness. A more detailed discussion of the implications of this intriguing dissociation will be presented in Coutureau et al. (2002; see also Oswald et al., 2001) .
We now consider whether the connectionist approach that we have developed provides a plausible account for other instances of the acquired equivalence and distinctiveness of cues. We will focus on those instances observed using simple conditioning procedures (e.g., Honey & Hall, 1989 , 1991 ; see also Hall et al., 1993; Johns & Williams, 1998; Sawa & Nakajima, 2001; WardRobinson & Hall, 1999) . Honey and Hall (1989) first gave different groups of rats one of two appetitive training procedures that involved the presentation of three auditory stimuli (A, B, and C): In the first procedure (Aϩ/Bϩ/C-), A and B were paired with food (ϩ), and C was followed by no food (-), and in the second procedure (A-/B-/Cϩ), A and B were followed by no food, and C was paired with food. After these training procedures, rats received aversive conditioning in which A was paired with the delivery of footshock. This revaluation procedure resulted in rats from both appetitive training procedures showing greater generalized conditioned suppression in the presence of B than in the presence of C. This difference in conditioned suppression was taken to be an instance of the acquired equivalence of cues (between A and B), the acquired distinctiveness of cues (between A and C), or a combination of both of these effects. It is, of course, possible that this effect, together with others of a similar nature, reflects the operation of processes that have been considered thus far: A and B might have come to activate the same hidden unit, whereas A and C might have come to activate different hidden units. However, the theoretical account that Honey and Hall (1989) offered for their results focused on the acquired equivalence effect: These authors supposed that during appetitive conditioning, A and B might come to activate the same representation (i.e., food or no food) and that during aversive conditioning with A this associatively provoked representation would become linked to the representation of shock. The finding that B provoked more conditioned suppression than C might then reflect that B, though not C, could evoke the representation that had been paired with footshock. As we have argued, the suggestion that acquired equivalence reflects this simple process of mediated conditioning cannot explain our more recent results (see Honey & Watt, 1998 Honey & Ward-Robinson, 2001; Ward-Robinson & Honey, 2000) . Briefly, these studies used the conditional training procedure summarized in Table 1 in which A, B, C, and D were paired equally often with (a) X and Y and (b) food and no food. It is, therefore, difficult to imagine that the binary associations between A, B, C, and D, on the one hand, and the remaining stimuli, on the other hand, should differ, and supplementary results presented by Honey and Watt (1998, 1999) indicated that they did not. Moreover, the results of the present experiments are not explicable in terms of the process of conventional processes of mediated conditioning (see also Honey & Watt, 1998, Experiment 2) . However, the suggestion that this process provides an account for effects observed in studies using more simple conditioning procedures has been developed (see Hall, 1996) and has indeed received some support from the results of a more recent experiment (Ward-Robinson & Hall, 1999, Experiment 2) . Ward-Robinson and Hall (1999) replicated the acquired equivalence-distinctiveness effect observed by Honey and Hall (1989) . That is, after the two appetitive training procedures described above (i.e., Aϩ/Bϩ/C-and A-/B-/Cϩ), aversive conditioning with A resulted in greater conditioned suppression in the presence of B than in the presence of C. They also gave all rats a test in which lever pressing for the appetitive reinforcer was assessed and showed that the latencies to respond on the lever were (initially) longer in rats that had received the Aϩ/Bϩ/C-procedure than in those given the A-/B-/Cϩ procedure. This finding is undoubtedly consistent with the suggestion that the appetitive reinforcer (ϩ) had acquired aversive properties in Group Aϩ/ Bϩ/C-but not in Group A-/B-/Cϩ. It remains entirely possible, however, that the acquired equivalence-distinctiveness effect, evident after both appetitive training procedures, and the different effects that these procedures had on the readiness of rats to respond for the appetitive reinforcer had different origins. There is some reason to suppose that this might have been the case. Thus, in Ward-Robinson and Hall's (1999) study, half of the rats received the instrumental assay of mediated conditioning before the gener-alization test, and the other half received the generalization test before the instrumental assay. One might anticipate that for those rats given the test for mediated conditioning first, any aversive properties that food had acquired might be undermined or extinguished, and the results of the generalization test would be compromised as a consequence. The authors do not report that this was the case. In any event, and with or without such evidence, it seems reasonable to suppose that even in the simple conditioning procedures used by Honey and Hall (1989) , the acquired changes in stimulus distinctiveness might reflect, at least in part, the operation of processes of the kind that have been the focus of this article (see Figure 1 ; see also Gluck & Myers, 1993; Goldstone, 1998; Honey, 2000; Maki, 1993; Maki & Abunawass, 1991) .
To conclude, the results of Experiments 1 and 2 are of general importance because (a) they provide direct support for the kind of connectionist models that have become prevalent in a variety of disciplines, and (b) they are beyond the scope of models that are grounded in the simple associative tradition (e.g., Pearce, 1987; Rescorla & Wagner, 1972; Wagner, 1981) . The results of Experiments 1 and 2 are of specific interest in the context of our understanding of the way in which experience influences how stimuli are represented. Together with those that have been presented elsewhere (see, e.g., Coutureau et al., 2002; Delamater, 1998; Honey & Watt, 1998 Honey & Ward-Robinson, 2001; Oswald et al., 2001; Ward-Robinson & Honey, 2000) they indicate that the interaction between associative learning and representation formation can be conceived of in connectionist terms. It bears repeating, however, that connectionist models can be viewed as a natural evolution of the associative tradition or as "associationism writ large" and that studies of learning and memory in nonhuman animals can provide a useful test bed within which to examine the operation of these models "untrammeled by other complexities" (see Mackintosh, 1994, pp. 11-12) .
